Exposure to ambient nanoparticles (defined as particulate matter [PM] having one dimension < 100 nm) is associated with increased risk of childhood and adult asthma. Nanomaterials feature a smaller aerodynamic diameter and a higher surface area per unit mass ratio compared to fine or coarse-sized particles, resulting in greater lung deposition efficiency and an increased potential for biological interaction. The neurotrophins nerve growth factor and brain-derived neurotrophic factor are key regulatory elements of neuronal development and responsiveness of airway sensory neurons. Changes in their expression are associated with bronchoconstriction, airway hyperresponsiveness, and airway inflammation. The neurogenic-mediated control of airway responses is a key pathophysiological mechanism of childhood asthma. However, the effects of nanoparticle exposure on neurotrophin-driven airway responses and their potential role as a predisposing factor for developing asthma have not been clearly elucidated. In this study, in vivo inhalation exposure to titanium dioxide nanoparticles (12 mg/m 13 ; 5.6 h/d for 3 d) produced upregulation of lung neurotrophins in weanling (2-wk-old) and newborn (2-d-old) rats but not in adult (12-wk-old) animals compared to controls. This effect was associated with increased airway responsiveness and upregulation of growth-related oncogene/keratine-derived chemokine (GRO/ KC; CXCL1, rat equivalent of human interleukin [IL]-8) in bronchoalveolar lavage fluid. These data show for the first time that exposure to nanoparticulate upregulates the expression of lung neurotrophins in an age-dependent fashion and that this effect is associated with airway hyperresponsiveness and inflammation. These results suggest the presence of a critical window of vulnerability in earlier stages of lung development, which may lead to a higher risk of developing asthma.
. Results from animal studies consistently show a rise in pulmonary inflammation, oxidative stress, and distal organ involvement following respiratory exposure to inhaled or instilled nanoparticles (Zhang et al., 2003; Zhou et al., 2003) . These particles pose a greater risk in terms of their effects on the respiratory and cardiovascular system due to their higher deposition efficiency in the peripheral lung compared to fine particles and their ability to penetrate into lung tissue crossing the pulmonary epithelium, reaching the interstitium and possibly translocating to other organs (Oberdorster, 2001; Kreyling et al., 2002; BeruBe et al., 2007; Warheit et al., 2007; Moller et al., 2008) . Typically, the biological activity of particles increases as size decreases. Smaller particles occupy less volume, resulting in a larger number of particles with a greater surface area per unit mass and, therefore, an elevated potential for biological interaction (Huang et al., 2004; Yang & Watts, 2005) . Due to the unique and novel nature of these particles, these interactions with the respiratory system may potentially result in airway responses of a nature that is poorly understood.
Neurotrophins are a family of proteins that have been shown to play a key role in neural survival, development, function, and plasticity of nerves (Huang & Reichard, 2001 ). The neurotrophin family includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4 (NT4). These neurotrophins share common structural features and act through their corresponding high-affinity tyrosine kinase (Trk) receptor subtypes and a common low-affinity receptor, p75 (Lewin & Barde, 1996; Chao, 2003) . The prototypical neurotrophin nerve growth factor (NGF) is a key regulatory element of neuronal development and responsiveness (Levi-Montalcini, 1987; Kernie & Parada, 2000) and controls expression of the genes encoding the precursor of the proinflammatory neurotransmitter substance P (SP) and other neuropeptides in sensory neurons (Lindsay & Harmar, 1989) . In addition, NGF modulates immune responses and has been associated with allergic inflammation and airway hyperresponsiveness in animal models as well as in humans, suggesting that neurotrophic factors may play an important pathophysiologic role in asthma (Bonini et al., 1996; Braun et al., 1998 Braun et al., , 1999 .
In previous studies it was shown that lower-respiratory-tract infection (LRTI) with respiratory syncytial virus (RSV) is associated with a marked increase in the expression of NGF, and both its high-affinity receptor, tyrosine kinase A (TrkA), and low-affinity receptor, p75, in lung tissues. Under the influence of NGF, the nociceptive fibers located in the airway epithelium increase both synthesis and release of SP. SP, in turn, produces bronchoconstriction, airway hyperresponsiveness and activation of inflammatory cells including T lymphocytes and monocytes, resulting in airway inflammation, also referred to as neurogenic inflammation (Piedimonte, 2003; Piedimonte et al., 2004) . In addition to its bronchoconstrictive and pro-inflammatory effects, substance P is known to possess important immunomodulatory properties and specifically regulates the function of T and B lymphocytes, monocytes, and macrophages by affecting their migration, response to mitogens and allergens, and synthetic functions (Goetzl et al., 1995; Maggi, 1997) . The RSV-induced increased NGF expression is also greater in weanling rats compared to adult rats, indicating a vulnerable window in infancy when the innervation of the lung is being determined (Hu et al., 2002) . The critical importance of neurogenic-mediated control of airway functions is further confirmed by the poor response (or lack thereof) to conventional anti-inflammatory treatment in children with RSV-induced bronchiolitis (Richter & Sheddon, 1998; Fox et al., 1999; Cade et al., 2000) . Collectively, these data suggest that changes of neurotrophin expression in the early stages of airway development may lead to irreversible neurosensory dysfunctions. This, in turn, may result in chronic inflammatory effects extending further in life and ultimately resulting in the development of asthma (Nassenstein et al., 2006) .
Although the collective studies just cited provide convincing evidence that environmental exposure to either viruses (such as RSV) or nanoparticles results in the development of respiratory diseases, and that the incidence of asthma is increased in urban areas with elevated environmental pollution, the impact of nanoparticles on the neurogenic-mediated control of airway responses and their potential role as a predisposing factor for developing asthma have not been clearly elucidated. Therefore, in this study, the effects of nanoparticle exposure were investigated on the expression of lung neurotrophins and whether this effect was age-dependent.
METHODS

Animals
Adult rats (12 wk old) weighing 190 ±10 g (SE) of both genders, newborn rats (1-2 d old) weighing 6 ± 0.1 g (SE) of both genders, and weanling rats (2 wk old) weighing 23 ± 0.4 g (SE) of both genders born to specific-pathogen-free timed-pregnant dams of Fischer 344 (F-344) strain were obtained from Charles River Laboratories (Wilmington, MA). The animals were housed in the AAALAC-approved NIOSH Animal Facility and kept in polycarbonate micro-isolator cages in a strictly controlled (12-h light/dark cycle; 20-25°C; 36/605 relative humidity) pathogen-free environment to prevent any microbial contamination. These cages were placed on racks that provided positive individual ventilation with class 100 air to each cage at the rate of approximately 1 cage change of air per minute (Maxi-Miser; Thoren Caging System, Hazleton, PA) and were serviced by trained husbandry technicians. Bedding, water, and food were auto-claved prior to use and unpacked only under laminar flow. Cages and water bottles were run through a tunnel washer after every use and disinfected with both chemical and heat. The West Virginia University and the NIOSH Animal Care and Use Committees approved all experimental procedures followed in this study.
Exposure System
The unrestrained animals were exposed to titanium dioxide nanoparticles (TiO 2 ) in a specialized inhalation system as previously described by Chen et al. (2006) and illustrated in Figure 1 . TiO 2 powder (P25) was obtained from DeGussa (Parsippany, NJ). Although the average primary size is reported as 21 nm by the manufacturer, the primary particles tend to form aggregates as a result of van der Waals forces. To reduce the size of the aggregates, the powders were carefully prepared for generation by sieving (to remove the big aggregates), drying (to avoid aggregate formation due to high humidity), and storage (to prevent aggregate attraction through contact charges). A TSI fluidized-bed aerosol generator was used (Marple et al., 1978) . TiO 2 mass concentration was monitored with a Data RAM (DR-4000, Thermo Electron Co, Franklin, MA) and gravimetrically measured with Teflon filters. In this study, a mean aerosol concentration of 10 mg/m 3 was maintained in the exposure chamber by adjusting the powder feed rate in the generator. The particle size distribution of TiO 2 aerosols was measured using a cascade impactor (MOUDI, MSP Co. Shoreview, MN), an electrical mobility classifier (SMPS, TSI Inc. Shoreview, MN), and an aerodynamic sizing instrument (APS, TSI, Inc., Shoreview, MN). The impactor was used for measuring mass-based aerodynamic size distributions, while the latter two sizing devices were combined for determining number-based mobility size distributions. Assuming a lognormal distribution, the size distribution of TiO 2 aerosols has a mass median aerodynamic diameter (MMAD) of 1.6 μm and a geometric standard deviation of 2.5, while the count mean aerodynamic diameter was 138 nm. For a typical concentration of 10 mg/m 3 , the count mode (primary peak) of the distribution is approximately 100 nm (Figure 2 ).
Experimental Protocols
Adult pathogen-free rats (12 wk old; n = 6) were exposed to TiO 2 nanoparticles (particle size 100 nm) at a concentration of 12 mg/m 3 for 5.6 h/d for 3 consecutive days. This exposure regimen translates to a cumulative lung deposition of 240 μg of particulate. The deposited dose per animal is derived by the formula (aerosol concentration) × (minute ventilation) × (exposure duration) × (dpositon fraction), where minute ventilation was estimated to be 0.2 L/min (Brown et al., 2005) and deposition fraction is assumed to be 0.1 for particles with an MMAD of 1.6 μm. The deposition fraction was based upon Kreyling's alveolar deposition curve for inhaled ultrafine particles in rats (Kreyling, 2003 ). An equal number of age-matched animals were used as controls. Control animals were exposed to HEPA-filtered room air through a similar system except that dry air was fed directly into the exposure chamber and the chambers were located in a separate room. Upon completion of the last exposure, the animals were sacrificed by intraperitoneal (ip) injection of sodium pentobarbital (50 mg/kg) followed by exanguination as per the "AVMA Guidelines on Euthanasia," June 2007, and their lungs were removed for subsequent analysis.
Newborn rats (1-2 d old; n = 12), born to specific-pathogen-free females, were exposed to the nanoparticle aerosol according to the same protocol as the adult animals except that they were kept with their mothers before, during, and after exposure in order to allow nursing and avoid any potential stress-related responses. The cumulative lung deposition per each newborn was equal to 60 μg of particulate. The deposited dose per animals is derived by the same formula described earlier except that minute ventilation was estimated to be 0.05 L/ min (Brown et al., 2005) . The lung deposition calculation may not reach a comparable level of accuracy for newborns due to the disruption of their breathing pattern during feeding and grooming from the mother. Age-matched control animals (1-2 d old; n = 10) born to different females were exposed to HEPA-filtered room air through a similar system except that dry air was fed directly into the exposure chamber and the chambers were located in a separate room. Upon completion of the last exposure, the animals were sacrificed by ip injection of sodium pentobarbital (50 mg/kg) followed by exanguination as per the "AVMA Guidelines on Euthanasia," June 2007, and their lungs were removed for subsequent analysis.
Weanling rats (2 wk old; n = 11), born to specific-pathogen-free females, were exposed to the nanoparticle aerosol according to the same protocol as the adult animals except that they were kept with their mothers before, during, and after exposure in order to allow nursing and avoid any potential stress-related responses. The cumulative lung deposition per each weanling was equal to 120 μg of particulate. The deposited dose per animals is derived by the same formula described earlier except that minute ventilation was estimated to be 0.1 L/ min (Brown et al., 2005) . The lung deposition calculation may not reach a comparable level of accuracy for weanlings due to the disruption of their breathing pattern during feeding and grooming from the mother. Age-matched control animals (2 wk old; n = 8) born to different females were exposed to HEPA-filtered room air through a similar system except that dry air was fed directly into the exposure chamber and the chambers were located in a separate room. Upon completion of the last exposure, the animals were sacrificed by ip injection of sodium pentobarbital (50 mg/kg) followed by exanguination as per the "AVMA Guidelines on Euthanasia," June 2007, and their lungs were removed for subsequent analysis.
Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
The presence of RNA in lung tissue was detected by reverse-transcription polymerase chain reaction (RT-PCR). The left lung from each animal was removed upon sacrifice and immediately flash frozen in liquid nitrogen and stored at −80°C. The frozen specimens were then placed in RLT disruption buffer and homogenized using a conventional rotor-stator homogenizer (Brinkmann Instruments, Westbury, NY) for 45-60 s until the sample was uniformly homogenous. Total RNA was extracted from lung homogenates using RNEasy Midi-Kits (Qiagen GmbH, Hilden, Germany) according to the manufacturer's specifications. RNA samples (1 pg-2 mg) were added to a 50-μl master mix consisting of 400 μM each of deoxynucleotide triphosphates (dNTPs), 10 U RNAse inhibitor, 2 μl enzyme mix containing Taq DNA polymerase (one-step RT-PCR Promega, Madison, WI), and 50 pmol each of primers flanking the nucleotide sequence for nerve growth factor (NGF) and its high-and low-affinity receptor (TrKa and p75), respectively, brain-derived neurotrophic factor (BDNF) and its receptor (TrKb), and the housekeeping gene (β-actin). The same master mix without the RNA sample was used as a negative control. The primers pairs were designed on the basis of previously published protocols (Hu et al., 2002) and were used to differentiate cDNA-generated PCR products from genomic DNA contamination. The specific primer sequences (sense and antisense) and their expected size are illustrated in Table 1 . Amplification was performed using a Gene-Amp PCR System 9600 thermal cycler (PerkinElmer, Waltham, MA). The process was started with an initial step of 50°C/30 min, then 95°C/15 min, followed by 25-35 cycles with a denaturing step, followed by an annealing step, an extension step, and then one final extension step at 68-72°C for 10 min. All programs included a 4°C hold step at the end. Amplified PCR products were sizefractionated by electrophoresis through a 2% agarose gel and stained with ethidium bromide. The gels were then photographed using an imaging system (FOTO/Analyst Luminary Workstation, Fotodyne, Hartland, WI). The initial input/product-response curve was obtained to confirm that the selected cycle was within the "linear" range for each primer. The intensity of DNA bands was analyzed by computerized densitometry (TotalLab TL-101 Image Analysis Software) and expressed as the ratio of the densitometric score measured for each target normalized by the β-actin control.
Histopathology
The right lung from each animal was fixed in 10% buffered formalin, embedded in paraffin, and cut in 3-μm-thick sections. Hematoxylin and eosin (H&E) staining was performed for histopathologic analysis. All slides were coded and interpreted by two independent boardcertified pathologists who were blinded as to whether the specimens were from a treated animal or a control. Histopathologic changes were graded as mild (5-10 inflammatory cells in 3 or more adjacent alveoli), moderate (10-20 inflammatory cells per alveolus), or severe (>20 inflammatory cells per alveolus). The scores of three different animals per each experimental group were averaged and then compared.
Airway Mechanics
A newly developed acoustic whole-body plethysmograph was used to measure specific airway resistance (sRaw) in unrestrained rats. The system consists of a plethysmograph chamber that operates as a resonating cavity. The acoustic pressure inside the cavity is determined by the cavity geometry. When the system is excited near the resonant frequency, the acoustic pressure amplitude in the plethysmograph is modulated in direct proportion to the change in volume of the animal. A screen placed across the outside end of the plethysmograph nozzle acts as a pneumotacograph to measure air flow. The pressure drop across the screen is measured with a pressure transducer. The system, therefore, allows the measurement of two independent flows (or pressure) from which sRaw can be estimated . These measurements are comparable with those obtained with traditional double-chamber plethysmographs, overcoming the issue of single-chamber plethysmographs, which produce an empirical index of airway resistance called Penh, the accuracy of which has been questioned (Sly et al., 2005) . After measuring baseline sRaw, saline or methacholine at increasing concentrations of 2.5, 5, and 10 mg/ml was nebulized into the chamber for 3 min. After each challenge, sRaw was recorded for 3 min. Mean sRaw was calculated for either saline or methacholine for each animal over 3 min. This procedure was carried out for all experimental groups 1 h after the end of the last exposure.
Bronchoalveolar Lavage (BAL)
In a different set of weanling rats, collection of bronchoalveolar lavage (BAL) fluid was performed 1 h after the end of the last exposure. BAL was carried out according to the same protocol described earlier. Briefly, the animals were anesthetized by ip injection with sodium pentobarbital (50 mg/kg). A small plastic catheter attached to a syringe was inserted into the trachea and secured with a proximal and distal suture. The lavages were performed by instilling and withdrawing 28 ml/kg of saline into the airways and repeating the procedure thrice. At the end of the procedure the animals were euthanized by an additional ip injection of sodium pentobarbital (50 mg/kg) followed by exanguination as per the "AVMA Guidelines on Euthanasia," June 2007. Total cell count in BAL fluid was performed with a hemocytometer and expressed as total cells per milliliter of fluid, and a microscope slide for differential count was prepared using a cyto-centrifuge at 9500 × g for 5 min. The slides were fixed by air-drying and then stained with the Giemsa-Wright method. Cells were identified based on size and morphological features, and we avoided any cell that had evidence of artifact or lysis. Differential cell count was performed on 200 cells to determine the number of polymorphonuclear leukocytes (PMNs), lymphocytes, and macrophages. Slides were coded and reviewed separately by two pathologists, who were blinded with regard to the experimental conditions. T cells and their subpopulations (CD4+/ CD8+), B cells, and macrophages were measured by flow cytometry according to our standard protocol. Briefly, BAL fluid was centrifuged at 800 × g for 8 min at 4°C. The supernatant was frozen for subsequent analysis. Cell pellets were resuspended in 2 ml of room-temperature 1 × BD Pharmingen lysis buffer and incubated at room temperature for 3 min. Ten milliliters phosphate-buffered saline (PBS) was added and cells were pelleted as already described. Pellets were resuspended in 0.5 ml PBS and cell counts were done. Cells were blocked with Fc receptor antibody (BD number 550270) at 1 μg/10 6 cells for 30 min on ice. CD45 (BD number 554876) or isotype control (BD number 550615) was added at 1 μg/10 6 cells to appropriate tubes and incubated on ice for 30 min. Cells were washed with PBS twice, and after the second wash fluorochrome antibodies were added at 1 μg/10 6 cells and streptavidin APC Cy-7 at 0.5 μg/10 6 cells. Cells were incubated on ice in the dark for 30 min, then washed twice with PBS. After the second wash the pellets were resuspended on 0.5 ml of 0.4% paraformaldehyde and incubated overnight at 4°C in the dark. Antibodies used were CD3 (BD number 557030), CD4 (BD number 554839), CD8a (BD number 559976), mouse immunoglobulin (Ig) M isotype control (BD number 550883), mouse IgG2a isotype control (BD number 553458), and mouse IgG1 isotype control (BD number 550617). Data were acquired and analyzed using FACSAria (BD Biosciences, San Jose, CA).
The rationale for measuring T-cell population in BAL is due to the fact that neurotrophins were consistently found to exert an additional effect on immune responses (Nockher and Renz, 2006a; 2006b) .
Multiplexed Cytokine/Chemokine Analysis
An aliquot of the frozen BAL fluid was used for simultaneous measurement of multiple inflammation relevant airway cytokines and chemokines. A panel of 24 cytokines and chemokines, including Eotaxin, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), GRO/KC, interferon (IFN)-γ, interleukin (IL)-10, IL-12 (p70), IL-13, IL-17, IL-18, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IP-10, leptin, monocyte chemotactic protein-1 (MCP-1), macrophage inflammory protein (MIP)-1α, RANTES, tumor necrosis factor (TNF)-α, and vascular endothelial growth factor (VEGF), was simultaneously measured in BAL fluid using a Milliplex MAP rat cytokine/chemokine panel (Millipore; Billerica, MA) according to manufacturer's specifications. The analysis was performed using Luminex 200 System and xMAP technology for multiplexed quantification (Luminex, Austin, TX).
Statistical Analysis
Measurements of specific airway resistance (sRaw) were analyzed using a one-way analysis of variance (ANOVA) for repeated measures with post hoc Fisher correction to identify significant pairs. All other data were analyzed using paired and unpaired t-tests when appropriate (Sigmastat 2.0 for Windows, SPSS, Inc., Chicago). Values in the text and figures are presented as mean ± SE. Differences having a p value <.05 were considered significant.
RESULTS
Neurotrophin and Neurotrophin Receptor Expression
In adult rats, RT-PCR analysis of lung tissues mRNA encoding for NGF and BDNF did not reveal any significant difference in exposed animals compared to controls. The computerized densitometric analysis of the intensity of the bands for the target genes normalized for the standard reference gene β-actin is shown in Figure 3A . The same analysis conducted for the high-and low-affinity NGF receptors, TrKa and p75, respectively, confirmed a lack of effect in treated animals compared to controls ( Figure 3B ). However, the expression of the BDNF receptor, TrKb, showed a twofold significant decrease in animals exposed to nanoparticles compared to controls ( Figure 3B ).
In weanling rats, exposure to TiO 2 nanoparticles produced a 1.4-fold increase in NGF and BDNF lung expression compared to controls ( Figure 4A ). This effect was associated with a twofold rise in the lung expression of the BDNF receptor, TrKb, whereas the expression of NGF high-and low-affinity receptors (TrKa and p75), respectively, did not reveal any significant change in treated animals compared to controls ( Figure 4B ). The intensity of the bands for the target genes was analyzed by computer densitometry and normalized for the standard reference gene, β-actin, as previously described. A representative gel image is also shown in Figure 4 .
In newborn rats, the same exposure regimen resulted in a 2.8-fold increase in NGF expression compared to age-matched controls, whereas the expression of BDNF was unaffected ( Figure 5A ). This effect was associated with a twofold rise in NGF low-affinity receptor, p75, and a 1.3-fold increase of BDNF receptor, TrKb, in treated animals compared to controls. In contrast, TrkA mRNA transcripts were undetectable ( Figure 5B ).
Histopathology
The analysis of photomicrographs of hematoxylin and eosin (H&E)-stained sections from the lung of weanling rats did not reveal any evidence of acute or chronic inflammatory changes and/or the presence of any acute or chronic cell infiltrates in TiO 2 -exposed animals compared to age-matched controls, despite the fact that tissue neurotrophins were significantly upregulated ( Figure 6, upper panel) . In adult rats the absence of exposurerelated histopathological changes is consistent with the absence of any significant changes in neurotrophin expression (Figure 6 , lower panel).
Airway Mechanics
Weanling rats (2 wk old) exposed to TiO 2 nanoparticles exhibited significantly higher baseline specific airway resistance (sRaw) compared to their age-matched controls 1 h after the end of the last exposure (sRaw: 1.1 ± 0.08 cm H 2 O-s vs. 0.9 ± 0.03 cm H 2 O-s for exposed and control animals, respectively; n = 5-6; Figure 7A ). In exposed animals, inhalational challenge with 10 mg/ml methacholine produced a significantly higher rise in sRaw compared to control animals (2.3 ± 0.2 cm H 2 O-se vs. 1.4 ± 0.1 cm H 2 O-s, respectively; values are expressed as peak sRaw changes; n = 5-6; Figure 7B ). The rationale for performing airway measurements only on weanling rats is based on the absence of any significant changes in the molecular responses following particle exposure in adult animals and on the technical limitations of the system, which do not allow for a reliable measurement of pulmonary parameters in newborn rats due to their very small size.
BAL
In exposed weanling animals, the total number of cells recruited in the airways per ml of BAL fluid showed a quantitative increase compared to age-matched controls, although this trend did not reach statistical significance (3.1 × 10 6 ± 4.9 × 10 5 vs. 2.7 ± 10 6 ± 2.9 ± 5 , respectively; n = 6 for both groups; data not shown). Accordingly, no statistical significant differences in the differential count for PMN, lymphocytes, and macrophages were observed (data not shown). Flow cytometric analysis of BAL fluid also revealed that T cells and their subpopulations, CD4+/CD8+, as well as B cells, and macrophages were not significantly affected by nanoparticles exposure as compared to control weanling animals (data not shown).
Multiplexed Quantification of BAL Fluid Cytokines
The levels of 24 cytokines and chemokines were examined in the BAL fluid of control and exposed weanling animals. Eleven of these were detectable and one, GRO/KC, was found to be significantly elevated in the lavage fluid of weanling animals exposed to TiO 2 compared to age-matched controls (0.6 ± 0.08 pg/μg protein vs. 0.3 ± 0.07 pg/μg protein, respectively; Figure 8 ). GRO/KC is a chemokine belonging to the CXC family and was shown to be the rat equivalent of human IL-8 (Verri et al., 2006) . The list of all detected markers and their concentrations in the BAL fluid of the different experimental groups is shown in Table 2 .
DISCUSSION
The results of this study show for the first time that exposure of newborn and weanling rats to TiO 2 nanoparticulate influences the expression of lung neurotrophins, key regulatory elements of neuronal development and responsiveness that play a critical role in the pathophysiology of childhood asthma. This effect is associated with the development of airway hyperreactivity (AHR) and mild airway inflammation in younger rats (2 wk old). In contrast, inhalation exposure to nanoparticles did not markedly influence these parameters in older adult animals, supporting the presence of a critical window of vulnerability in earlier stages of lung development compared to later in life as already suggested in the literature (Hu et al., 2002; Piedimonte, 2002a; Piedimonte et al., 2004) . These findings, in turn, may represent a potentially relevant clinical factor indicating the importance of early influences of nanoparticles on the developing airways and their related impact on the development of airway inflammation and eventually bronchial asthma.
Environmental pollution deriving from vehicle emission and industrial processes has consistently been shown to affect the incidence of respiratory diseases (Peters et al., 2004; Mossman et al., 2007; Bedeschi et al., 2007) . However, nanoparticles may pose a greater risk in terms of their effects on the respiratory and cardiovascular system due to their small size and large particle number and surface area per unit mass, which, in turn, determines the overall distribution in lung and distal organs, and may also provide a more efficient transport mechanism for other toxic compounds associated with or adhering to the surface of the nanoparticles (Mossman et al., 2007) . In this study, nano-sized titanium dioxide was used, since it is a useful prototypical material for the study of the mechanisms of nanoparticle effects due to its assumed immunologically "inert" nature, which allows examination of the effects of particle size without confounding factors, such as high toxicity (Oberdorster et al., 2005) . Nano-sized TiO 2 is used extensively in several industrial processes and therefore is commonly found in products such as photocatalysts to clean air and water, antibacterial agents on glass and steel, and as components of many cosmetics and sunscreens (Gwinn & Vallyathan, 2006; Maynard et al., 2006; Grassian et al., 2007) . Exposure to TiO 2 nanoparticles produced airway inflammation, alveolar macrophage recruitment, and activation of various growth factors and chemokines (de Haar et al., 2006; Shieh et al., 2006) . This collective evidence suggests also that nanoparticle-induced airway inflammation may predispose and/or amplify the airway responses to other environmental pollutants. Lambert et al. (2003) showed that ultrafine particles enhance RSV-induced airway reactivity in a mouse model of RSV infection. Shvedova et al. (2008) demonstrated an increased susceptibility to bacterial infection following exposure to carbon nanotubes in mice. These investigators, however, focused mainly on cytokine and chemokines expression and production of reactive oxygen species (ROS) as factors in the pathophysiology of inflammatory airway diseases. Our study focused on the neuroinflammatory pathways leading to abnormal airway responses and the impact of TiO 2 nanoparticles exposure on their regulation. In particular, the effects of this environmental exposure on the neurotrophin-mediated regulation of the subepithelial neurosensory network were investigated. The neurogenic-mediated control of airway responses, which was described in detail in the introduction, is a critical mechanism in the regulation of airway functions and the development of asthma during childhood (Nassenstein et al., 2006) . In order to confirm the relevance of nanoparticle-induced disruption of airway neurotrophin expression, the physiological effects associated with these mechanisms were also studied.
An important finding of our study was that the TiO 2 -induced airway responses are age dependent. Adult rats exposed to the same exposure conditions as younger animals did not show any significant changes in the expression of the airway neurotrophins NGF and BDNF or their receptors, TrKa, p75, and TrKb. These age-related differences have already been shown to play a critical role in determining the susceptibility of the developing airways to other inhaled pathogens (Piedimonte, 2001; Hu et al., 2002; Piedimonte et al., 2004) , and, although the magnitude of the particle-induced airway responses in our study was not as dramatic as with more toxic inhalants, data suggest the possibility that this type of environmental exposure may render the lung more sensitive to secondary insults present in the environment, including respiratory viruses (Lambert et al., 2003; Mossman et al., 2007; Shvedova et al., 2008) . The disruption of neurotrophin-related airway responses was associated to AHR as demonstrated by the presence of a higher baseline specific airway resistance in exposed animals compared to their age-matched controls and by the enhanced response to methacholine challenge in treated animals 1 h after the last exposure. In addition, the analysis of inflammation-relevant cytokines and chemokines in the airways of exposed and control rats showed increased levels of the chemokine GRO/KC in animals exposed to TiO 2 nanoparticles compared to age-matched controls exposed to room air. GRO/KC is best known for its role in neutrophil chemotaxis and degranulation early during inflammation. In this regard its effects are similar to those of other CXC-family cytokines including interleukin-8 (IL-8; CXCL8) in humans (Verri et al., 2006) . Our in vivo data are consistent with previous observations on cultured human epithelial cells showing that exposure to nanosized particles of TiO 2 triggers a pro-inflammatory response (Singh et al., 2007) , as well as several controlled human exposure studies indicating the capability of environmental pollutants to induce an acute inflammatory response in human airways (Krishna et al., 1998) . In addition, IL-8 was found to enhance airway responses to increasing concentrations of histamine in guinea pigs (Qi et al., 1999) . However, in our study this effect was not associated with a significant influx of inflammatory cells such as polymorphonuclear leucocytes (PMN) into the airways. These findings are consistent with the lack of any inflammatory cell infiltrates in lung tissue of exposed and control animals and are in agreement with Geiser et al. (2008) , who showed no marked increase in inflammatory cells recruitment in the airways of animals exposed to inhaled TiO 2 nanoparticles compared to controls. An interesting and potentially relevant finding in our study is the simultaneous upregulation of airway neurotrophins and the pro-inflammatory cytokine IL-8. Since early evidence suggests the lack of a direct involvement between sensory neuropeptides and IL-8 in the induction of AHR (Fujimura et al., 1996) , our data suggest that acute exposure to nanoparticles may result in the activation of different pathways leading to the development of heightened airway responsiveness, a critical feature of asthma. Nonetheless, further studies are needed to elucidate this mechanism.
Nanosized particles of TiO 2 have consistently shown the capacity to elicit toxic and inflammatory effects in several experimental studies (Singh et al., 2007) . Further, the constant and unavoidable exposure to respiratory viruses, such as RSV, and the fact that these types of environmental exposures cannot be separated make understanding their potential pathophysiological relationship critical. Our data, although preliminary, provide a strong argument for a significant role of nanoparticle exposure as a potential risk factor for the development of abnormal airway responses. Previous studies on the mechanism of neurotrophin-driven, RSV-induced airway responses and their critical role in the early development of airway disease (Bonini et al., 1996; Braun et al., 1998; Piedimonte, 2002b; 2002c) provide a strong rationale for studying the effects of nanoparticles in early stages of development. Our results are novel because they shed some light onto the subtle effects of particulate exposure and suggest their importance in the study of pathophysiological mechanisms in early life factors leading to the development of airway diseases.
In conclusion, understanding the airway responses to inhaled nanoparticles and the extent to which they affect the development of a particular disease is of paramount importance to identify targets for therapeutic intervention. Our focus on the early changes in the developing airways is, therefore, critical because it may lead to new preventative and/or therapeutic measures in the treatment of chronic inflammatory airway diseases, and identification of new risk factors for their development. Further studies on the concomitant and/or sequential impact of environmental pathogens such as viruses and ambient pollutants such as nanomaterials, including carbon nanotubes, diesel exhaust particles (DEP), and, to a lesser extent, quantum dots, are needed. A typical number-based particle size distribution of TiO 2 aerosol where C n is the number concentration of the aerosol and D g is the geometric (mobility) diameter. (A) In adult rats, NGF and BDNF expression is unchanged following exposure to TiO 2 nanoparticulate. (B) Consistent with their agonists, the expression of neurotrophin receptors was unaffected except for a decreased expression of the BDNF receptor, TrKb, which may be due to a physiologically diminished activity of neurotrophins associated with age. Data were generated by densitometric analysis of the intensity of the target gene bands normalized for the standard reference gene, β-actin, and are expressed as mean ± SE (n = 6 for both groups; asterisk indicates signficant at p < .05). (A) In weanling rats, exposure to TiO 2 nanoparticles upregulates NGF and BDNF expression in lung homogenates. This effect is associated with a significant increase of the high-affinity receptor for BDNF, TrKb. The high-affinity receptor for NGF, TrKa, is also upregulated, although the magnitude of the change is not enough to reach statistical significance, whereas the expression of the NGF low-affinity receptor, p75, is unaffected (B). The intensity of the bands for the target genes was analyzed by computer densitometry and normalized for the standard reference gene, β-actin, as previously described. A representative gel image of the NGF and BDNF bands is also shown. Data are expressed as mean ± SE (n = 6 for both groups; asterisk indicates signficant at p < .05). (A) Newborn rats show increased lung NGF expression following exposure to TiO 2 nanoparticles compared to their age-matched controls. This effect appears to be of a higher magnitude compared to weanlings exposed to the same level of inhaled particulate. BDNF expression was unaffected. (B) Consistent with its agonist, the NGF low-affinity receptor, p75, is upregulated in the lungs of newborn animals exposed to TiO 2 nanoparticles compared to control, whereas for the NGF high-affinity receptor, TrKa, levels are undetectable. TrKb expression is slightly yet significantly increased despite the lack of response of its agonist, BDNF, indicating a possible increase of TrKb-mediated BDNF activity. Data shown in figure are obtained by densitometric analysis of the target genes band as previously described and are expressed as mean ± SE (n = 6; asterisk indicates signficant at p < .05).
FIGURE 6.
Photomicrographs of hematoxylin and eosin-stained sections from the lung of weanling rats (A) sacrificed after the last day of exposure to air or TiO 2 nanoparticles show the absence of any significant pathological changes compared to age-matched controls, despite the fact that tissue neurotrophins were significantly upregulated. In adult rats (B), the absence of exposure-related histopathological changes is consistent with the absence of any significant changes in neurotrophin expression (magnification 20×; micrographs are representative of 3 rats per group). (A) In weanling rats, baseline specific airway resistance (sRaw; cm H 2 O-s) is increased in animals exposed to TiO 2 compared to their age-matched controls 1 h after the end of the last exposure. In the same animals, the airway response to increasing concentration of inhaled methacholine is increased in exposed rats compared to controls (B). Data are expressed as mean ± SE (n = 5-6; asterisk indicates significant at p < 0.05 and double asterisk indicates signficant at p < 0.01).
FIGURE 8.
The analysis of BAL fluid by multiplexed quantification using Luminex 200 System and xMAP technology revealed the presence of increased concentrations of the cytokine GRO/ KC (rat equivalent of human IL-8) in the airways of exposed weanling animals compared to their age-matched controls. Data are expressed as picograms of analyte per microgram of total protein and are mean ± SE (n = 6 for both groups; asterisk indicates signficant at p < . 05). 
